Dynamic microtubules are important to maintain neuronal morphology and function, but whether neuronal activity affects the organization of dynamic microtubules is unknown. Here, we show that a protocol to induce NMDA-dependent long-term depression (LTD) rapidly attenuates microtubule dynamics in primary rat hippocampal neurons, removing the microtubule-binding protein EB3 from the growing microtubule plus-ends in dendrites. This effect requires the entry of calcium and is mediated by activation of NR2B-containing NMDA-type glutamate receptor. The rapid NMDA effect is followed by a second, more prolonged response, during which EB3 accumulates along MAP2-positive microtubule bundles in the dendritic shaft. MAP2 is both required and sufficient for this activity-dependent redistribution of EB3. Importantly, NMDA receptor activation suppresses microtubule entry in dendritic spines, whereas overexpression of EB3-GFP prevents NMDA-induced spine shrinkage. These results suggest that short-lasting and long-lasting changes in dendritic microtubule dynamics are important determinants for NMDA-induced LTD.
Introduction
Most excitatory glutamatergic synapses in the mammalian brain are formed at tiny dendritic protrusions, named dendritic spines (Bourne and Harris, 2008) . Dendritic spines play critical roles in synaptic function and exhibit a striking degree of structural plasticity, which is closely linked to changes in strength of synaptic connections (Holtmaat and Svoboda, 2009) . Several studies have reported that glutamate receptor activation changes spine morphology by modulating postsynaptic cargo trafficking and actin cytoskeleton dynamics (Hotulainen and Hoogenraad, 2010) . For example, it has been shown that enhanced actin polymerization induces spine enlargement during long-term potentiation (LTP) (Matsuzaki et al., 2004; Okamoto et al., 2004) , whereas long-term depression (LTD) involves spine shrinkage through actin depolymerization (Okamoto et al., 2004; Zhou et al., 2004 ). In contrast, the roles of microtubules and associated proteins in postsynaptic signaling mechanisms and their role in spine plasticity have remained mostly unexplored.
Both stable and dynamic microtubules are abundantly present in mature neurons (Jaworski et al., 2008; Conde and Cáceres, 2009; Hoogenraad and Bradke, 2009) . In dendrites, microtubuleassociated protein 2 (MAP2) binds along the length of microtubules and its phosphorylation state is believed to regulate microtubule stability (Sánchez et al., 2000; Cassimeris and Spittle, 2001; Dehmelt and Halpain, 2005) . Many reports have documented the close relationship between glutamate receptor activation and MAP2 alterations (Aoki and Siekevitz, 1985; Halpain and Greengard, 1990; Montoro et al., 1993; Quinlan and Halpain, 1996; Philpot et al., 1997) . However, recent work has established an important role for dynamic microtubules in the maintenance of dendritic spines. Inhibition of microtubule growth or depletion of EB3, one of the major microtubule plusend binding proteins in mature neurons, caused the specific loss of mushroom-headed spines and increased the percentage of filopodia (Jaworski et al., 2009) . Live imaging revealed that dynamic microtubules regularly depart from the dendritic shaft and enter dendritic spines (Gu et al., 2006; Hu et al., 2008; Jaworski et al., 2009 ) to stimulate actin polymerization and induce transient morphological changes, such as the formation of spine head protrusions or spine growth (Jaworski et al., 2009 ). These observations support a model in which EB3 plus-end decorated microtubules control actin dynamics and regulate spine morphology and synaptic plasticity. Nevertheless, little is known about the effect of glutamate receptor activation on the microtubule network.
Here, we show that transient NMDA receptor activation induces sustained alterations in the microtubule network in dendrites. A chemical LTD protocol affects EB3 localization in hippocampal neurons in two phases: a fast phase (Ͼ1 min) leading to the loss of EB3 comets and a slow phase (Ͼ10 min) where EB3 binds along MAP2-positive microtubule bundles. MAP2 directly interacts with EB3 and is essential for the spatial redistribution of EB3 along the dendritic microtubules. NMDA receptor activation also suppresses microtubule entry in dendritic spines, whereas overexpression of EB3-GFP prevents LTD-induced spine shrinkage. These results demonstrate that excitatory stimuli can alter the cytoskeletal organization in dendrite branches and spines by directly affecting microtubule dynamics.
Materials and Methods

Antibodies and reagents
The following primary and secondary antibodies were used in this study: rabbit anti-EB3 (02-1005-07) (Stepanova et al., 2003; Jaworski et al., 2009) , mouse anti-MAP2 (AP14; AP118) (Kalcheva et al., 1994) , mouse anti-tau, mouse anti-␤-actin (Millipore Bioscience Research Reagents), rabbit anti-GFP (Abcam; 1:1000), mouse anti-MAP2 (HM-2), mouse anti-␣-tubulin, mouse anti-acetylated tubulin (Sigma-Aldrich), mouse anti-bassoon (Nventa Biopharmaceuticals), rabbit anti-␤-galactosidase (MP Biomedicals), mouse anti-␤-galactosidase (Promega), rabbit anti-HA, mouse anti-Myc, rabbit anti-GFP (Medical and Biological Laboratories), mouse class III ␤-tubulin antibody (Tuji; Covance), mouse anti-GFP (Quantum), and Alexa 488-, Alexa 568-, and Alexa 630-conjugated secondary antibodies (Invitrogen).
Other reagents used in this study include nocodazole, DL-2-amino-5-phosphonopentanoic acid (APV), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), glycine, NMDA, AMPA, tetrodotoxin (TTX), bicuculline, ␣-(4-hydroxyphenyl)-␤-methyl-4-benzyl-1-piperidineethanol (ifenprodil), ␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-piperidinepropanol hydrochloride (Ro 25-6981), 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM), 1-amino-1,3-cyclopentanedicarboxylic acid (ACPD), 2-amino-4-phosphonobutyric acid (4-AP), okadaic acid and staurosporine (Sigma-Aldrich), and microtubuleassociated protein fraction (Cytoskeleton).
Expression constructs
The following mammalian expression plasmids have been described: pGW1-EB3-GFP (Jaworski et al., 2009 ), pGW1-GFP, p␤actin-HA-␤-galactosidase (Hoogenraad et al., 2005) , pSuper vector (Brummelkamp et al., 2002) , pSuper-EB3-shRNA (Jaworski et al., 2009) , GFP-MAP2c (Farah et al., 2005) , NR2B-shRNA and NR2A-shRNAs (Kim et al., 2005) , mCherry-␣-tubulin (Shaner et al., 2004) , and GST-EB3 (Komarova et al., 2005) . GFP-KIFC2 was generated by PCR cloning full-length rat KIFC2 cDNA into pEGFP-C1. The MAP2#1 shRNA sequence (cagggcacctattcagata) and MAP2#2 shRNA sequence (ttcgctgagcctttagaca) targeting rat MAP2 mRNA was designed based on the experimentally verified sequences (Krichevsky and Kosik, 2002; Fontaine-Lenoir et al., 2006) . The complementary oligonucleotides were annealed and inserted into pSuper vector.
Primary hippocampal neuron cultures, transfection, infection, and immunohistochemistry
Primary hippocampal cultures were prepared from embryonic day 18 rat brains (Banker and Goslin, 1998; Kapitein et al., 2010) . Cells were plated on coverslips coated with poly-L-lysine (30 g/ml) and laminin (2 g/ ml) at a density of 75,000/well. Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 M glutamate, and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA (3.6 g /well) was mixed with 3 l of Lipofectamine 2000 in 200 l of NB, incubated for 30 min, and then added to the neurons in NB at 37°C in 5% CO 2 for 45 min. Next, neurons were washed with NB and transferred in the original medium at 37°C in 5% CO 2 for 2-4 d.
To express EB3-GFP in cultured hippocampal neurons, we used Semliki Forest virus (SFV)-mediated gene delivery. The EB3-GFP construct was cloned into the pSFV2 vector and packaged into SFV replicons as described previously (Jaworski et al., 2009) . In short, SFV-replicons were harvested 24 h after transfection of helper and pSFV2-EB3 vector RNA into baby hamster kidney-21 cells, filter-sterilized, activated with ␣-chymotrypsine (Sigma-Aldrich), and concentrated by ultracentrifugation. Virus titer was determined by infection of BHK-21 cell with serial dilutions, followed by fluorescence examination at 18 -24 h after infection. Cultured hippocampal neurons were infected at DIV21 by the addition of 1 l (ϳ10 7 replicons/ml) of SFV infectious replicons to the cultures at least 4 h before live-cell imaging.
For immunohistochemistry, neurons were fixed for 5 min with icecold 100% methanol/1 mM EGTA at Ϫ20°C, followed by 5 min with 4% formaldehyde/4% sucrose in PBS at room temperature. After fixation, cells were washed two times in PBS for 30 min at room temperature, and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were then washed three times in PBS for 5 min at room temperature and incubated with Alexa-conjugated secondary antibodies in GDB for 2 h at room temperature and washed three times in PBS for 5 min. Slides were mounted using Vectashield mounting medium (Vector Laboratories). Confocal images were acquired using a LSM510 confocal microscope (Zeiss) with a 40ϫ or 63ϫ oil objective.
GST pull-down assays
GST fusions of EB3 expression and purification of the GST-tagged proteins from Escherichia coli and Western blotting was performed as described previously (Komarova et al., 2005) . GFP-MAP2c and GFP-KIFC2 constructs were expressed in HEK293 cells for 24 h, lysates were prepared in a lysis buffer containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% Triton X-100, 1 mM DTT, and protease inhibitors (Complete; Roche), and mixed with GST-fusion proteins. Brains were obtained from adult female rats and homogenized in 10ϫ volume/weight in the same lysis buffer. Brain lysates were centrifuged at 16,000 ϫ g for 15 min at 4°C, and the supernatant was incubated with individual GST fusion proteins for 2 h at 4°C. Beads were washed four times with a buffer containing 20 mM Tris-HCl, pH 8, 150 mM NaCl, 0.05% Triton X-100, and 1 mM DTT. The proteins retained on the beads were analyzed by Western blotting (GFP expression constructs) or mass spectrometry (brain lysates).
Mass spectrometry analysis
For mass spectrometry analysis, proteins bound to the beads were separated on a 3-8% NuPAGE Tris-acetate gel and stained with the Colloidal Blue staining kit (Invitrogen). Gel lanes were cut into 2 mm slices using an automatic gel slicer and subjected to in-gel reduction with dithiothreitol, alkylation with iodoacetamide, and digestion with trypsin (Promega; sequencing grade), essentially as described previously (Wilm et al., 1996) . Nanoflow liquid chromatography (LC)/MS/MS was performed on an 1100 series capillary LC system (Agilent Technologies) coupled to a linear trap quadrupole linear ion trap mass spectrometer (Thermo Fisher Scientific) operating in positive mode and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil C18 reversedphase column (Dr. Maisch GmbH; column dimensions, 1.5 cm ϫ 100 m; packed in-house) at a flow rate of 8 l/min. Peptide separation was performed on ReproSil C18 reversed-phase column (Dr. Maisch GmbH; column dimensions, 15 cm ϫ 50 m; packed in-house) using a linear gradient from 0 to 80% B [A, 0.1 M acetic acid; B, 80% (v/v) acetonitrile, 0.1 M acetic acid] in 70 min and at a constant flow rate of 200 nl/min using a splitter. The column eluent was directly sprayed into the electrospray ionization source of the mass spectrometer. Mass spectra were acquired in continuum mode; fragmentation of the four peptides was performed in data-dependent mode. Peak lists were automatically created from raw data files using the Mascot Distiller software (version 2.1; Matrix Science). The Mascot search algorithm (version 2.1; Matrix Science) was used for searching against the NCBInr database (release NCBInr_20070217; taxonomy, Rattus norvegicus). The peptide tolerance was typically set to 2 Da and the fragment ion tolerance to 0.8 Da. A maximum number of two missed cleavages by trypsin was allowed, and carbamidomethylated cys-teine and oxidized methionine were set as fixed and variable modifications, respectively. The Mascot score cutoff value for a positive protein hit was set to 60. Individual peptide MS/MS spectra with Mowse scores Ͻ40 were checked manually and either interpreted as valid identifications or discarded.
Total internal reflection fluorescence and spinning disk microscopy and image processing
Total internal reflection fluorescence microscopy (TIRFM) was performed as described previously (Jaworski et al., 2009; Kapitein et al., 2010) on an inverted research microscope (Nikon Eclipse TE2000E; Nikon) with a CFI Apo TIRF 100ϫ, 1.49 numerical aperture (NA), oil objective (Nikon), equipped with Coolsnap HQ CCD cameras (Photometrics).
To perform live-cell spinning disk confocal microscopy, we use a Nikon Eclipse-Ti (Nikon) microscope with a CFI Apo TIRF 100ϫ, 1.49 NA, oil objective (Nikon). The microscope is equipped with a motorized stage (ASI; PZ-2000) and Perfect Focus System (Nikon) and uses MetaMorph 7.6.4 software (Molecular Devices) to control the cameras and all motorized parts. Confocal excitation and detection is achieved using a 50 mW 491 nm laser (Cobolt Calypso) and a Yokogawa spinning disk confocal scanning unit (CSU-X1-A1N-E; Roper Scientific) equipped with a triple-band dichroic mirror (z405/488/568trans-pc; Chroma) and a filter wheel (CSUX1-FW-06P-01; Roper Scientific) containing a GFP emission filter (ET525/50m; Chroma). Confocal images were acquired with a QuantEM:512 SC EMCCD camera (Photometrics) at a final magnification of 68 nm/pixel, including the additional 2.5ϫ magnification introduced by an additional lens mounted between scanning unit and camera (VM Lens C-2.5X; Nikon). All imaging was performed in full conditioned medium and a small incubator system (Tokai Hit; INUG2-ZILCS-H2) is used on this system to maintain neuronal health (Kapitein et al., 2010) .
For chemical LTD, NMDA was added to a final concentration of 50 M during the time-lapse recordings. In control experiments, 200 M APV was also present for at least 1 h before addition of NMDA. For glycine and KCl/chemical LTP treatments, neurons were transferred to HEPESbuffered extracellular solution (ECS) (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 30 mM glucose, pH 7.4) containing 20 M bicuculline 10 min before imaging (Lu et al., 2001; Park et al., 2006) . During imaging, KCl and glycine were added to final concentrations of 50 mM and 200 M, respectively, for 1 min and subsequently replaced with the original ECS. For local stimulation, a micropipette filled with 100 M NMDA and 10 M glycine (Rose et al., 2009 ) was positioned very close to the dendrite and a single 20 s pressure ejection of 30 psi was generated using a Femtojet express microinjector (Eppendorf).
Images of live cells were processed and analyzed using MetaMorph, Adobe Photoshop, or LabVIEW (National Instruments) software. To analyze comet numbers during chemical treatments, comets numbers were obtained from binarized images generated by thresholding images that were first convoluted with the Mexican hat-type kernel described by Mashanov and Molloy (2007) to enhance fluorescent particles and remove background fluorescence. Dendritic area was determined in MetaMorph by inclusive, binary, thresholding images down to ϳ30%. Spine entry events were identified from maximum and average projections of entire time-lapse recordings, as shown in Figure 11 A-F.
Image analysis and quantification
Morphometric analyses of dendritic protrusions of fixed hippocampal neurons. For the morphometric analysis of dendritic protrusions, we used ␤-gal, GFP, or mRFP as an unbiased cell fill. Because protrusions often crossed several z planes, we took series stacks from the bottom to the top of all dendrites and used the LSM software to generate image projections for quantitative analyses. Images were not further processed and were of similar high quality to the original single planes. The number of planes, typically six to eight, was chosen to cover the entire dendrite from top to bottom. All experiments were repeated at least three times with an n Ͼ 7 for individual experiments were analyzed in a double-blind manner. Between 150 and 300 protrusions were scored for every neuron and expressed per 10 m length of dendrite. Discrimination was made between filopodia-like protrusions and mushroom-shaped spines; measurements of length and width of the protrusions were performed as described previously (Jaworski et al., 2009) and were classified based on the ratio of spine head width to protrusion length according to the following ratios: the spine whose width was equal to or more than one-half the size of its length was judged as standard mushroom spine. The protrusion whose width was smaller than one-half the size of its length was judged as filopodia or thin spine (Jaworski et al., 2009 ). In those cases in which the total length of the spine could not be adequately seen or its length was Ͼ5 m, protrusions were excluded from analysis.
Quantification of EB3 distribution in dendrites and axons. Measurements of endogenous EB3 and EB3-GFP localization in fixed neurons were performed as described previously (Jaworski et al., 2009 ). The number of EB3 comets per 10 m of axon/dendrite length, the length of the EB3 comets, and average fluorescent intensity of EB3 signals in the cell body, dendrites, and axons were measured using MetaMorph software. The dendrites and axons of GFP-expressing neurons were identified based on their morphology and by immunostaining for the dendritic marker MAP2 and axonal marker tau. Statistical analysis was performed with Student's t test assuming a two-tailed and unequal variation. N was defined as the number of transfected neurons.
Results
Glutamate receptor activation affects EB3 distribution
To determine how glutamate stimulation affects microtubule organization in primary cultures of rat hippocampal neurons, we examined the distribution of dynamic microtubules using antibodies that recognize the microtubule plus-end binding protein EB3 (Stepanova et al., 2003; Jaworski et al., 2009) . Without stimulation, EB3 in fully differentiated neurons (Ͼ14 d in vitro; DIV14) was found in comet-like structures corresponding to growing microtubule plus tips throughout the cell body, axon, and dendritic shaft and occasionally in spines that colocalize with synaptic markers (Fig. 1 A) (Jaworski et al., 2009 ). On average, 6.6 Ϯ 0.5 EB3 comets per 10 m primary dendrite were observed (Fig. 1C) . We next examined the localization of EB3 on bath application of 50 M glutamate to maximize the number of synapses undergoing plasticity. On treatment with 50 M glutamate for 5 min, the characteristic EB3 comet-like staining was strongly decreased and replaced by a diffuse cytoplasmic signal within the dendrites (Fig. 1 B) . Interestingly, the EB3 staining in tau-positive axons was unaffected ( Fig. 1 B, 
E).
Quantification of these observations for different time intervals of glutamate stimulation revealed that a striking decrease in the number of dendritic EB3-positive comets already occurred within 1-2 min after application of 50 M glutamate (Fig. 1C,D) . The maximal effect, a Ͼ20-fold decrease in the number of comets per 10 m primary dendrite, was observed after 5 min of exposure to glutamate (Fig. 1 D) . Dose-response experiments revealed that glutamate-induced comet removal was concentration dependent, with 30 M glutamate already removing ϳ70% of the EB3 comets in dendrites. The glutamate-induced redistribution of EB3 was not associated with changes in the localization of presynaptic protein bassoon ( Fig. 1 A, B ) and postsynaptic protein PSD-95 (data not shown) staining, indicating that glutamate caused a rapid redistribution of EB3 without affecting synaptic markers. Moreover, we never observed focal swellings along the dendrites, vacuole-like structures, or abnormal MAP2 distribution that emerge after excessive glutamate receptor stimulation ( Fig. 1 A, B) (Faddis et al., 1997; Hoskison et al., 2007) , indicating that the EB3 redistribution is not attributable to excitotoxicity.
Glutamate induces EB3 translocation through Ca
2؉ influx and NMDA receptors Glutamate acts via ionotropic glutamate receptors that include the AMPA-type receptor, kainate (KA) receptor, and the NMDA-type receptor as well as mGluRs (Hollmann and Heinemann, 1994; Dingledine et al., 1999) . To determine which glutamate receptor classes mediated the redistribution of EB3, we treated the cultures with a variety of subtype-selective glutamate receptor agonists and antagonists ( Fig. 2A-F) . Blocking NMDA receptors with the antagonists APV or MK-801 greatly reduced the EB3 redistribution on stimulation with 100 M glutamate ( Fig. 2 A, D) (data not shown). In contrast, blocking either AMPA/KA receptors (CNQX) or metabotropic glutamate receptors [AIDA (1-aminoindan-1,5-dicarboxylic acid)], or both together, did not inhibit the glutamate-induced EB3 relocalization ( Fig. 2A,D) . The NMDA receptor specificity of this effect was confirmed by using a chemical LTD protocol Lee et al., 1998; Beattie et al., 2000; Ehlers, 2000; Colledge et al., 2003) , whereby cells were treated with NMDA itself. Bath application of 50 M NMDA for 5 min strongly decreased the number of dendritic EB3-positive comets in all cells examined ( Fig. 2B ,E), which could be blocked by APV and MK-801 (Fig. 2C ,F) (data not shown). Stimulating cells with the metabotropic glutamate receptor agonist ACPD or AMPA glutamate receptor agonist AMPA was ineffective ( Fig. 2B ,E). The decrease in the proportion of dendritic EB3-positive comets also occurred after shorter NMDA incubation times, within 1-2 min after NMDA application (Fig. 3A,C) . Similar results were obtained with lower concentrations of NMDA and 10 M NMDA already removed most of the EB3 comets in dendrites (Fig. 3B, D) . The disappearance of EB3-positive comets was not attributable to the degradation of the protein, because immunoblot analysis showed unchanged levels of total EB3 in NMDA-stimulated cultures, independent of concentration and time of the treatment (Fig. 3E,F) . These results demonstrate that a classic chemical LTD protocol induces the redistribution of the microtubule plus-end binding protein EB3 after NMDA receptor activation.
Calcium influx into the postsynapse is considered a critical event in NMDAdependent signaling in the hippocampus (Collingridge et al., 2004; Lau and Zukin, 2007) . Indeed, the EB3 redistribution was dependent on calcium levels, as addition of the intracellular calcium chelator BAPTA-AM blocked the NMDA effect ( Fig. 2A,D Hardingham et al., 2002) . Exposure of neurons to glycine/KCl or bicuculline/ 4-AP for short time periods, 5 or 15 min, respectively, did not cause any obvious changes in the distribution of endogenous EB3 (data not shown). However, after 24 h bicuculline/4-AP treatment, approximately one-half of the neurons showed significant loss of dendritic EB3 comets (Fig. 2 B, E) , an effect that was blocked by NMDA receptor antagonist APV. These data suggest that, in addition to chemical LTD, prolonged elevations in electrical activity can also affect EB3 localization.
In mature hippocampal neuron cultures, calcium-dependent signaling through NMDA receptors mainly occurs through either NR2A-or NR2B-containing receptors (Cull-Candy et al., 2001; Lau and Zukin, 2007) . RNA interference experiments using DNA (pSuper)-based constructs that reduce the expression of endogenous NR2A and/or NR2B (Kim et al., 2005) showed that knockdown of NR2B rather than NR2A blocked the glutamate-dependent EB3 redistribution (Fig. 2C) . Consistently, no effect on EB3 was found when selective NR2B-containing NMDA receptor blockers ifenprodil and Ro 25-6981 were used during the stimulation (Fig.  2C,F ) . Together, these data demonstrate that NMDA stimulates EB3 translocation via calcium influx through NR2B-containing NMDA receptors.
NMDA receptor activation attenuates microtubule growth
To investigate EB3 redistribution dynamics, we performed timelapse imaging of GFP-tagged EB3, expressed using a SFV-based vector, in live hippocampal neurons. In dendrites, exogenous EB3-GFP labeled growing microtubule plus-ends and both retrograde and anterograde displacements of EB3-GFP comets were observed ( Fig. 4A-C) . In addition, diffuse EB3-GFP signals with lower intensity were observed throughout the dendritic shaft. Although EB3-GFP comets were very dynamic, their overall distribution in unstimulated neurons was constant over time (Fig.  4A,B) , as previously published (Stepanova et al., 2003; Jaworski et al., 2009) . We observed on average 1.02 Ϯ 0.03 comets per 10 m 2 , which moved at an average growth velocity of 0.12 Ϯ 0.03 m/s. Consistent with the immunohistochemical data, NMDA stimulation induced a strong and rapid decrease in the number of EB3-GFP comets in dendrites, whereas in axons the number of EB3-GFP comets was unchanged (data not shown). This effect occurred within 1-2 min after NMDA stimulation and persisted after the washout of the drug (Fig. 4 D-F ) . In contrast, application of glycine/KCl for 1 min to induce chemical LTP (Lu et al., 2001; Park et al., 2004) had no significant effect on EB3 comet dynamics (Fig. 4G,H ) .
Previous work has demonstrated that inhibition of microtubule dynamics redistributes the microtubule-binding protein EB3 from the growing microtubule plus-ends and decreases the number of EB3 comets in both fibroblasts and neuronal cells (Mimori-Kiyosue et al., 2000; Jaworski et al., 2009). To test whether the observed EB3 redistribution on NMDA receptor activation reflected a change in microtubule growth in dendrites, we expressed mCherry-␣-tubulin in neurons and directly analyzed microtubule dynamics by using TIRF microscopy. In control neurons, or neurons imaged before addition of NMDA, individual microtubules could be observed in dendrites, which alternated between periods of growth and shrinkage. NMDA receptor activation dramatically suppressed microtubule growth, resulting in either the shrinkage or stalling of microtubule ends ( Fig. 5A-E) . This rapid NMDA effect was specific for dynamic microtubules, since the overall microtubule organization was unaltered, as indicated by MAP2 and tubulin costaining (Figs. 1 A, B,  3 A, B) (data not shown). Moreover, total EB3 and MAP2 levels were unchanged (Fig. 3E) , and polymerized microtubule levels measured by tubulin preextraction (He et al., 2002) were not significantly affected (Fig. 6 A, B) . Similar to NMDA receptor activation, blocking microtubule dynamics directly by the addition of 200 nM nocodazole did not affect microtubule density (Fig. 6 B) (Jaworski et al., 2009) . These data indicate that chemical LTD suppresses microtubule growth, which results in a loss of EB3 comets and a more static microtubule network in dendrites.
Local NMDA stimulation affects microtubule dynamics
We next tested whether more local NMDA receptor activation also induced EB3 comet redistribution in dendrites. During timelapse imaging of EB3-GFP, hippocampal neurons were stimulated locally with a single 20 s puff of 100 M NMDA and 10 M glycine (Rose et al., 2009 ) delivered from a pipette placed near the dendrite. Consistent with bath application of NMDA, we observed that, within the stimulated portion of the dendrite, EB3- GFP comets disappeared on stimulation (Fig. 7 A, B) . The EB3 redistribution was confined to the stimulation site along the dendrite and was not observed in other dendrites from the same neurons or neighboring neurons. The effect was quickly reversible, since ϳ1 min after stimulation the displacement of EB3-GFP is back to control levels (Fig. 7C) . These results show that local NMDA receptor stimulation can induce a transient effect on microtubule dynamics.
EB3 localizes to MAP2-positive microtubule bundles on NMDA receptor activation
To examine the persistence of EB3 redistribution after NMDA receptor activation, cultures were incubated with 50 M NMDA for 5 min, returned to their original medium, and subsequently fixed at different times points. Consistent with the above results, almost no endogenous EB3 comet-shaped staining was present in dendrites after 5 min of NMDA stimulation. Interestingly, 10 min after the washout, approximately one-third of the neurons instead showed an intense staining of endogenous EB3 along long and thick bundles in the dendritic shaft. In most neurons, the strongest effect was observed 25 min after washout (Fig. 8A-C) . Quantification revealed that these EB3 accumulations are on average 5.8 Ϯ 0.7 m in length (EB3 comets in control cells are 0.81 Ϯ 0.4 m), but several longer stretches were found, extending for 20 -30 m. NMDA receptors antagonists APV and MK-801 block this EB3 accumulation, as do exposure to BAPTA-AM and knockdown of NR2B (data not shown). Consistent with these immunohistochemical data, live-cell imaging of EB3-GFP also revealed the gradual recruitment to these filamentous structures starting ϳ10 min after NMDA treatment (Fig. 8D,E) . These results indicate a second, more prolonged NMDA receptor-dependent effect on EB3 and the microtubule cytoskeleton.
Immunofluorescent analysis revealed that EB3 was not localized to the actin bundles that are often found in the dendritic shaft after glutamate treatment (Hering and Sheng, 2003) but was instead colocalized with a subset of microtubule structures, especially MAP2-positive microtubule bundles (Fig. 8G) . EB3 did not show a preference for other microtubule subtypes, such as ␣-, ␤III-, and acetylated microtubules (data not shown). Moreover, in axons, the EB3 comet-like staining was still unaffected. No difference in total EB3 protein levels was found by Western blot analysis 25 min after washout (Fig. 8F ). These results demonstrate that NMDA receptor activation affects EB3 localization in two phases; a rapid phase (Ͼ1 min), during which EB3 comets are lost, and a slow phase (Ͼ10 min), during which EB3 emerges along MAP2 microtubule bundles.
Glutamate stimulation has been shown to decrease MAP2 phosphorylation (Halpain and Greengard, 1990; Montoro et al., 1993; Quinlan and Halpain, 1996) . Within 15 min after NMDA receptor activation, a 95% decrease in MAP2 phosphorylation was observed (Quinlan and Halpain, 1996) . Because these MAP2-dephosporylation events occur at a similar timescale as the EB3 recruitment along MAP2-positive microtubules (Fig. 8G) , we tested the correlation between the EB3 redistribution and phosphorylation state of MAP2 by using Ser-136 phosphoantibodies (AP-18) (Berling et al., 1994; Kalcheva et al., 1994) . Indeed, NMDA treatment decreased overall MAP2 phosphorylation (Fig. 8 F) and phospho-MAP2-Ser-136 was mostly absent from dendrites with intense filamentous staining of EB3 (Fig. 8H) . The positive correlation between MAP2-dephosphorylation on Ser-136 and EB3 accumulation was maximal at 25 min after NMDA treatment (Fig. 8 H) . Together with the live-imaging data, these results suggest that NMDAmediated dephosphorylation of MAP2 gradually recruit EB3 along dendritic microtubules.
EB3 binds directly to MAP2
To further validate the association between MAP2 and EB3, we performed GST pull-down experiments using GST-EB3 and lysates of HEK293 cells expressing GFP-MAP2c. These experiments revealed a specific interaction between MAP2 and EB3 ( Fig. 9A-C) , as GFP-MAP2c strongly associated with the GST-EB3 but not with GST alone. Mass spectrometry analysis of GST-EB3 pull-down experiments from rat brain extracts confirmed the interaction with endogenous MAP2, along with other known EB binding proteins (Table  1) . The interaction between EB3 and MAP2 is direct because a purified MAP2 fraction from bovine brain interacts with GST-EB3 (Fig. 9G) . Interestingly, from the purified MAP2 fraction, MAP2c was most efficiently pulled down with GST-EB3, rather than the longer MAP2 isoforms (Fig. 9G) . Furthermore, treating GFP-MAP2c-expressing HEK293 cells with the general ATP-competitive protein kinases inhibitor staurosporine resulted in increased binding of MAP2 to EB3 in pull-down experiments ( Fig. 9A-C) , consistent with our observation that EB3 recruitment to MAP2 correlates with MAP2 dephosphorylation (Fig. 8 F, H ) . These data indicate that EB3 has a higher affinity for dephosphorylated MAP2.
GFP-MAP2c expression in heterologous cells causes a rearrangement of microtubules into bundles (Takemura et al., 1992; Kaech et al., 1996; Dehmelt et al., 2006) . We next tested whether MAP2 in COS-7 cells is able to redistribute and recruit endogenous EB3 along these microtubule bundles. In control cells, EB3 was present as comet-shaped structures that labeled growing microtubule plus-ends (Fig. 9D) . However, in GFP-MAP2c-expressing cells, all endogenous EB3 is concentrated along the (Fig. 9D) , confirming the interaction between MAP2c and EB3. Endogenous EB3 was not relocalized to GFP-KIFC2-induced microtubule bundles (data not shown), indicating that EB3 specifically binds to MAP2 microtubules. MAP2 is a multidomain protein, with an N-terminal projection domain (Pro) and a C-terminal microtubule binding (MT) sites (Dehmelt and Halpain, 2005) (Fig. 9I ) , and by expressing GFP-fused deletion mutants of MAP2 in COS-7 cells, we mapped the EB3 binding region within the C-terminal microtubule-binding domain of MAP2 (Fig. 9D) . This was confirmed by GST pull-down assays using GST-EB3 and extracts from HEK293 cells expressing GFP-MAP2c-MT (Fig. 9E) .
MAP2-induced microtubule bundles
EB proteins contain a N-terminal microtubule-binding calponin homology domain, responsible for the recognition of the polymerizing microtubule ends, and the C-terminal domain consisting of a dimeric coiled coil, which ends in a four-helix bundle and a C-terminal acidic tail, responsible for binding to partners (Akhmanova and Steinmetz, 2008; Hoogenraad and Akhmanova, 2010) (Fig. 9I ) . Since MAP2c-MT is rich in basic, serine, and proline residues (SxI/LP), we next investigated whether the acidic tail of EB3 is important for interaction between EB3 and MAP2. An EB3 mutant that lacks the acidic tail (GST-EB3⌬Ac) does not bring down GFP-MAP2 in GST-pull down assays indicating that the acidic C-terminal tail of EB3 is important for the interaction with MAP2 (Fig. 9F ) . We also tested whether the C-terminal tail of EB3 (EB3-C), which lacks the N-terminal microtubule-binding domain, accumulates along MAP2-associated microtubule bundles after NMDA receptor activation. In nonstimulated neurons, GFP-EB3-C is diffusely present through the cytoplasm and does not interact with microtubules, as expected (Komarova et al., 2005) , whereas 25 min after NMDA treatment GFP-EB3-C accumulates along MAP2 positive microtubules in the dendritic shaft (Fig. 9H ) . Thus, although the EB3-C constructs lacks the classic microtubule binding domain at the N terminus, the C-terminal region can associate with microtubules via MAP2. Together, these data demonstrate that the C-terminal domain of EB3 is both necessary and sufficient for MAP2 binding.
Because many other MAPs are present in dendrites of hippocampal neurons, we next used MAP2 knockdown experiment to examine whether MAP2 is necessary for EB3 recruitment after NMDA receptor activation. We found that NMDA treatment did not induce EB3 recruitment in cells transfected with MAP2-shRNA (Fig. 10) . Together, these results demonstrate MAP2 directly binds to EB3, and this interaction is both necessary and sufficient for the accumulation of EB3 along microtubules after NMDA treatment.
EB3 overexpresssion protects spines against LTD-induced spine shrinkage
Whereas most dendritic EB3-GFP comets are found in the dendritic shaft, EB3-GFP comets can also enter dendritic spines and induce spine growth (Jaworski et al., 2009) (Fig. 11 A-F ). In agreement with our previous findings (Jaworski et al., 2009) , we observed an average of 0.07 Ϯ 0.03 EB3 comet entries per spine per frame in control neurons (Fig. 11G) . Since NMDA receptor activation attenuates microtubule growth, we tested whether microtubule entry in spines is also affected. Indeed, bath application of NMDA has a robust effect on persistent microtubule growth; most dendritic microtubules stopped growing and EB3-GFP entries into spines were almost completely abolished during the 5 min after NMDA addition (Fig. 11G-I ). It has been shown that neurons exposed to a chemical LTD protocol change spine morphology (Halpain et al., 1998; Horne and Dell'Acqua, 2007) . Indeed, bath application of 50 M NMDA significantly decreased the number of spines, without affecting protrusion density (Fig.  11 J-L) . Intriguingly, EB3 knockdown (Fig. 11 J-L) has similar effects on spine morphology as NMDA treatment, and we therefore investigated whether these effects are mutually occlusive. However, NMDA receptor activation did not further reduce the number of spines in neurons transfected with shRNA-EB3. To further establish the role of microtubules in LTDinduced spine morphology, we increased the number of microtubules in dendritic spines by overexpression of EB3-GFP (Jaworski et al., 2009). Our previous results have shown that overexpression of EB3-GFP transiently stabilizes microtubules in dendritic spines and increases the number of mushroom spines (Jaworski et al., 2009) . In contrast to control neurons, where NMDA receptor activation reduced the number of spines, NMDA treatment hardly affected spine numbers in neurons expressing EB3-GFP (Fig. 11 J-L) , indicating that targeting of EB3-labeled microtubules to spines blocks LTD-induced spine remodeling. No protective effect could be seen with expression of other microtubule-binding proteins, such as CLIP-115 and GFP-KIFC2 (data not shown). Together, these experiments demonstrate an intricate involvement of EB3-labeled microtubules in regulating spine morphology during LTD.
Discussion
The microtubule cytoskeleton plays a fundamental role in maintaining neuronal morphology and function and also contributes to the organization of dendritic spines and excitatory synapses (Hoogenraad and Bradke, 2009). We have shown Figure 9 . EB3 binds to MAP2. A, Coomassie-stained gel of GST and GST-EB3 fusion proteins. B, GST pull-down assays with the GST alone and GST-EB3 fusion proteins and extracts of HEK293 cells overexpressing GFP-MAP2c and GFP-KIFC2. GFP fusions were detected by Western blotting with antibodies against GFP. C, GST pull-down assays with the GST alone and GST-EB3 fusion proteins and extracts of HEK293 cells overexpressing GFP-MAP2c and untreated or treated with okadaic acid (O.A.) (0.5 M for 60 min) or staurosporine (stauro) (1.0 M for 60 min). Quantification of the ratio of signal intensities (mean Ϯ SD) of GFP-MAP2 input and GST-EB3 pull down revealed that staurosporine treatment increased binding of MAP2. Control ratio is 0.74 Ϯ 0.15, O.A. ratio is 0.65 Ϯ 0.12 ( p ϭ 0.243), and stauro ratio is 1.27 Ϯ 0.18 ( p ϭ 0.016). D, COS-7 cells transfected with GFP-MAP2c, GFP-MAP2c-pro, or GFP-MAPc-MT (green) and stained for endogenous EB3 (red). The insets show enlargements of the boxed area. Scale bar, 10 m. E, GST pull-down assays with the GST alone and GST-EB3 fusion proteins and extracts of HEK293 cells overexpressing GFP-MAP2c-Pro and GFP-MAP2c-MT. GFP fusions were detected by Western blotting with antibodies against GFP. F, GST pulldown assays with the GST alone, GST-EB3, and GST-EB3⌬Ac fusion proteins and extracts of HEK293 cells overexpressing GFP-MAP2c.
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GFP fusions were detected by Western blotting with antibodies against GFP. G, GST pull-down assays with the GST alone and GST-EB3 fusion proteins and purified microtubuleassociated protein (MAP) fraction from bovine brain. H, Highmagnification images of dendrites of hippocampal neurons (DIV17) transfected with GFP-EB3-C untreated (control) or stimulated 5Ј (5 min) with 50 M NMDA followed by 25 min washout and labeled with mouse anti-MAP2 (red). I, Schematic representation of MAP2c and EB3 protein structure and deletion mutants used in this study. The arrow indicates the domains important for the interaction between EB3 and MAP2. CH, Calponin homology domain; CC, coiled coil; Ac, acidic tail.
here that transient NMDA receptor activation using a chemical LTD protocol suppresses dendritic microtubule dynamics and microtubule entry into dendritic spines. Our data suggest a model in which activity-dependent modulation of the neuronal microtubule cytoskeleton contributes to the local structural plasticity that facilitates neuronal circuitry remodeling.
NMDA receptor activation suppresses microtubule growth in dendrites
One form of long-lasting synaptic modulation in the hippocampus is LTD, which is triggered by the synaptic activation of NMDA receptors (Bear and Abraham, 1996; Collingridge et al., 2004) . Calcium influx through the NMDA receptor activates a number of signaling pathways that have been implicated in the regulation of AMPA receptor trafficking, translation of local mRNAs, and the induction of gene expression (Malinow and Malenka, 2002; Sheng and Kim, 2002; Kennedy et al., 2005; Shepherd and Huganir, 2007; Greer and Greenberg, 2008) . In addition, NMDA receptor activation also modulates the function of several cytoskeletal proteins and influences neuronal morphology (Halpain and Greengard, 1990; Wong and Ghosh, 2002; Hotulainen and Hoogenraad, 2010) . Consistently, our work now demonstrates that transient NMDA receptor activation affects microtubule organization in dendrites in two phases; a fast phase (Ͼ1 min) that leads to reduced microtubule growth and the loss of EB3 comets at the microtubule plus-end and a slow phase (Ͼ10 min) during which EB3 binds along MAP2-positive microtubule bundles.
Previous work has revealed a close relationship between glutamate receptor activation and the modulation of MAP2 phosphorylation (Halpain and Greengard, 1990; Montoro et al., 1993; Quinlan and Halpain, 1996) . NMDA-induced MAP2 dephosphorylation occurs gradually and takes several minutes to complete (Halpain and Greengard, 1990; Quinlan and Halpain, 1996) , suggesting that the initial effects on EB3 and microtubule dynamics are independent of MAP2 modifications. Indeed, neurons lacking MAP2 show normal EB3 distributions and NMDA stimulation results in loss of EB3 comets similar to control neurons (Fig. 10) , indicating that MAP2 is not involved in the initial regulation of EB3 localization and suppression of microtubule growth. Instead, the initial disappearance of EB3 comets from microtubule plus-ends is most likely a consequence of the stalling of microtubule growth.
How does NMDA receptor activation suppress microtubule growth? One possibility is that the initial phase of suppressed microtubule dynamics is a direct effect of the increased calcium concentration in the neurons. In vitro studies on MT assembly using purified tubulin have shown that calcium in the millimolar range directly affects microtubule polymerization (Olmsted and Borisy, 1975; Strömberg and Wallin, 1994) . Studies in detergentextracted cells showed that microtubules polymerize at low calcium concentrations, whereas increasing calcium concentrations to the micromolar range directly induced microtubule disassembly (Fuller and Brinkley, 1976; Schliwa, 1976) . These effects have been hypothesized to be mediated by calcium-dependent regulators of microtubule assembly, such as the abundant neuronal protein calmodulin (Marcum et al., 1978; Schliwa et al., 1981; Lee and Wolff, 1982; Deery et al., 1984) . A recent report furthermore suggests that posttranslational modifications that are associated with microtubule stability, such as glutamylation, are regulated by synaptic activity (Maas et al., 2009 ).
In our case, the results argue for a relative specific calciumdependent mechanism, because redistribution of EB3 depends on calcium-dependent signaling pathways specifically through NR2B-containing NMDA receptors. The precise functional difference between the NR2A-and NR2B-NMDA receptor subtypes is mostly unknown. Differential and even opposing actions on NMDA receptor synaptic targeting (Tovar and Westbrook, 1999) , AMPA receptor recycling (Kim et al., 2005) , and synaptic plasticity (Liu et al., 2004) have been reported, but consensus is hitherto lacking (Lau and Zukin, 2007) . It is, however, recognized that the divergent C-terminal tails of the NR2 subunits associate with distinct sets of signaling proteins and are crucial for activating different downstream signaling pathways (Ryan and Grant, 2009) . Therefore, the different effects of NR2 subunits on microtubule dynamics in dendrites probably reflect the different local signaling pathways activated by these subunits (Sheng and Kim, 2002; Vanhoutte and Bading, 2003; Lau and Zukin, 2007) . Additional studies are needed to determine which specific NR2B receptor-activated signaling complexes regulate microtubule dynamics in dendrites.
Stable MAP2-decorated microtubules trap EB3
We have also shown that, several minutes after the loss of EB3 comets from microtubule plus-ends induced by NMDA receptor activation, EB3 accumulates along MAP2-positive microtubule bundles. Moreover, MAP2 directly interacts with EB3 and is required for the observed redistribution of EB3 along the dendritic microtubules. Although EB3 and MAP2 are both abundantly present in neuronal dendrites and also both interact with microtubules, they do not display significant colocalization in basal conditions ( Fig. 1) (Jaworski et al., 2009 ). Rather, they associate with two separate populations of microtubules. MAP2 localizes to stable microtubules and is believed to also contribute to microtubule stability, through microtubule binding and bundling. MAP2 is a substrate for many protein kinases and phosphatases, and various signaling mechanisms are known to influence MAP2 function (Sánchez et al., 2000; Cassimeris and Spittle, 2001; Dehmelt and Halpain, 2005) . EB3, however, localizes to the growing plus-ends of microtubules and typically promotes persistent microtubule growth by suppressing microtubule catastrophes (Komarova et al., 2009 ). In addition, EB proteins are essential for the microtubule plus-end tracking of many other plus tips (Akhmanova and Steinmetz, 2008) and for the spatial regulation of certain immobile targets, such as p140Cap in spines (Jaworski et al., 2009 ).
The precise role of the remarkable EB3 redistribution to stable MAP2-decorated microtubules remains unresolved. It is tempting to speculate that recruitment of EB3 to MAP2-decorated mi- Illenberger et al., 1996; Lim and Halpain, 2000; Zhong et al., 2009) . Our data also indicate that EB3 has a higher affinity for dephosphorylated MAP2. This is fully in line with the existing data on other known EB partners, such as APC (adenomatous polyposis coli protein), MCAK (mitotic centromere-associated kinesin), and CLASPs (cytoplasmic linker-associated proteins)-their phosphorylation inhibits binding to the C terminus of the EB proteins (Akhmanova and Steinmetz, 2008) . Finally, changes in microtubule modifications and microtubule dynamics could also affect intracellular transport. It has been shown that molecular motor proteins are able to select subsets of microtubules and segregate membrane trafficking events between stable and dynamic microtubule populations (Cai et al., 2009 ). Eliminating dynamic microtubules and/or decorating MAP2 microtubules with EB3 proteins after NMDA receptor activation might therefore directly influence postsynaptic cargo trafficking.
The effect of cytoskeletal changes on spine morphology
It is widely believed that changes in dendritic spine morphology are correlated with the strength of excitatory synaptic connections in the brain (Holtmaat and Svoboda, 2009; Yoshihara et al., 2009; Wang and Zhou, 2010) . Such changes in the shape and size of dendritic spines depend on remodeling of its underlying actin cytoskeleton (Hotulainen and Hoogenraad, 2010) . Indeed, many reports document the close relationship between NMDA receptor activation and the modulation of actin dynamics and actin-associated proteins in spines (Halpain et al., 1998; Nägerl et al., 2004; Zhou et al., 2004) . Here, we show that transient NMDA receptor activation suppresses microtubule dynamics in dendrites and prevents microtubule entry into spines. Several studies have demonstrated that intracellular calcium concentration returns to baseline levels within minutes after washout of 50 M NMDA (Randall and Thayer, 1992) . The EB3 redistribution and sustained suppression of microtubule growth reported here greatly outlast the duration of NMDA receptor activation and subsequent increase in calcium levels as microtubule dynamics in dendritic shafts and spines were suppressed for at least 1 h after NMDA receptor activation (data not shown). This raises the intriguing possibility that dendritic microtubules directly function in long-term plasticity and contribute to the persistence of LTD. In addition, we have shown that spine entry of EB3 labeled microtubule plus-ends protects spines against chemical LTDinduced spine shrinkage (Fig. 11 J-L) . This might indicate that initial LTD-inducing stimuli only affect spines devoid of microtubules. Because NMDA receptor activation affects microtubule growth inside the dendritic shaft, it could transiently decrease the microtubule content of neighboring spines and enhance their response to subsequent NMDA receptor stimulation. These mechanisms could contribute to so-called clustered plasticity, which means that similar long-term synaptic changes are more likely to occur at spines that are clustered on one dendritic branch (Govindarajan et al., 2006) . Future experiments will be required to determine the in vivo importance of persistent suppression of microtubule dynamics and examine the duration of suppression required to influence long-term structural changes in the brain.
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